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ABSTRACT

Radar returns from the Echo Il satellite (1964-4A) have been analyzed for
Faraday rotation effects in order to ascertain their utility in deducing both the
subsatellite electron content and the equivalent slab thickness of the daytime
jonosphere. Thesetwo ionospheric quantities were computed for each satellite
transit upon consideration of the Faraday fading phenomenon and the geomag-
netic field parameter H cosfsecy. The analysis may lead to a possibleover-
estimation of the electron content and slab thickness values, but the degree of
overestimation should have only minor bearing on the relative effects. As a
result of the present investigation, the following conclusions have been reached:

a.

The subsatellite electron content generally exhibits a large variance,
but its average value tends to be largest near midday and decreases
with increasing solar zenith angle.

The daily equivalent slab thickness exhibits no marked variation
between 0800 and 1800 EST, although midafternoonvalues are somewhat
in excess of prenoon values.

The seasonal equivalent slab thickness has its minimum inlocal winter
and its maximum inlocal summer; the equinox values are intermediate,
with the autumnal equinox exhibiting higher computed values than the
vernal equinox period.

The meéan scale height #, and the mean neutral gas temperature T for
the ionosphere werefound to be 94km and 1582° K, respectively, during
daytime hours. The daytime ionosphere was found to be 500°Kwarmer
in summer than in winter, with the mean equinox temperature being
close to the all-season average.

. No pronounced correlation with Zurich sunspot number of decimetric

solar flux was discernible, which was probably due to the fact that
statistical variations in the observations exceeded the real variations
which might have occurred as a result of solar activity changes.

No correlation with the magnetic index k¥ was noted. These conclusions
are based on radar echo data obtained during the recent period of
minimum solar activity.

PROBLEM STATUS

This is an interim report; work on the problem is continuing.

AUTHORIZATION

NRL Problem R02-05
Project RF 001-02-41-4001

Manuscript submitted November 17, 1965.
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IONOSPHERIC PARAMETERS DERIVED FROM
ECHO II RADAR RETURNS
DURING SOLAR MINIMUM CONDITIONS

INTRODUCTION

Since the advent of artificial earth satellites, numerous studies of the ionosphere
have been conducted. These studies have been generally directed toward the determina-
tion of thetotal electron content because spatial inhomogeneities inthe ionospheric content
are the principal cause of radiowave perturbations. These perturbations include phase
and group path variations, polarization rotation, angle-of-arrival variations, absorption,
and amplitude scintillations.

The earliest Faraday-rotation studies of the ionosphere were conducted by J. V.
Evans (1) utilizing the lunar surface as a reflector of vhi radar pulses. Subsequently,
numerous investigators utilized the lunar Faraday-rotation technique to deduce the cis-
lunar electron content (2-6). Kindred analysis of artifical earth satellite data have
pbeen accomplished (7-16). Of particular interest are some determinations of mean
ionospheric scale heights made by B. C. Potts (17) using 1962 Transit 4A data. Radar
doppler shifts resulting from the motion of the ionosphere have been studied extensively
and have also yielded useful information concerning the subsatellite electron content
(18-21). Recently, Garriott et al. (22) have published an excellent study of electron
content and ionospheric slab thickness variations for the midlatitude ionosphere.

Radar returns from the Echo II satellite, which were obtained for 31 transits over
the Naval Research Laboratory’s Randle Cliff radar site during1964 and 1965, have been
analyzed for Faraday rotation. This report concerns the results of .the analysis of 27
daytime transits and includes the computation of the total electron content and equiva-
lent slab thickness of the ionosphere. Possible correlation of the results with geophys-
ical, solar, and ionospheric data is also discussed.

PROCEDURE
Experimental

For 31 transits of the polar-orbiting Echo II satellite (1964-4A) over Chesapeake
Beach, Maryland, during the recent epoch of sunspot minimum activity (viz., 1964 and
1965), chart recordings of radar returns were obtained. Vertically polarized signals
were transmitted and both horizontal and vertical polarizations were received. The
nominal radar characteristics are listed in Table 1.

The Echo II satellite was in a polar orbit and its average inclination, apogee, and
perigee during the 14 months of sporadic observations were 81,5°, 1239 km, and 1062 km,
respectively., The minimum perigee was approximately 1000 km, which is normally *
above about 98 percent of the total content of ionospheric electrons. Satellite ephemer-
ides and approximate coordinates in the local horizon system for the Randle Cliff radar

*Normal conditions in this report imply that the daytime ionosphere is Chapman-
distributed with a neutral scale height of 100 km and that the altitude of the F2
maximum is 300 km.
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Table 1
Nominal Characteristics of NRL’s
Randle Cliff Radar

Parameter Value
Frequency (Mc/s) 138.6
Pulse Power (kw) 375
Pulse Length (zsec) 100
Antenna Gain (db) 34.6
Antenna Beamwidth (degrees) 3.6
Receiver Noise Temperature (°K) | 440
Transmitting Losses (db) 0.3
Receiving Losses (db) 1.1
Receiver Bandwidth (kc/s) 23

site (latitude 38° 39.62, longitude 76° 32.15’) were furnished by the U.S. Navy Space
Surveillance System (NAVSPASUR) and were used to establish radar contact with the
target. Upon target acquisition, the Randle Cliff radar was operated in an automatic
tracking mode for the majority of transits. Due to the Faraday effect, which resulted in
alternate fading in the vertical and horizontal receiver channels, the vertically polarized
monopulse tracking system was naturally troublesome, especially when target amplitude
scintillation effects were severe. For this reason the less accurate manual tracking
mode was sometimes employed.

Analytical

Radar data was initially recorded on magnetic tape, as well as on chart paper, in the
hope that fine-scale ionospheric inhomogeneities could be detected upon examination of
the pulse-to-pulse data. Due to the apparent wrinkled surface of the satellite, which has
a theoretical cross section of 1330 square meters, severe amplitude modulations
hampered the fine-scale polarization studies. Radar studies of Echo II conducted by
Leavitt et al. (23) at 2300 Mc/s late in 1964 indicated that the surface of the satellite was
quite irregular at that frequency. Figure 1 is a typical plot of the pulse-to-pulse radar
data obtained by the Randle Cliff radar at 138.6 Mc/s. Upon inspection of the smoothed
data (indicated by the curves drawn through the data points) in the horizontal and verti-
cal polarization channels, the existence of a slow Faraday rotation is apparent. This
rotation results from the presence of a quasi-smooth ionosphere and a smoothly varying
magnetic field parameter (24). Large fluctuations in the modulus of the electric vector
may also be evidenced and are presumably caused by variations in the target radar
cross section,

Figure 2 illustrates the two major causes of signal fading, viz., Faraday rotation
and amplitude scintillation. The Faraday rotation is manifested in two distinct forms.
The relatively slow Faraday fading of high amplitude is the most obvious and has been
alluded to previously. A low-amplitude Faraday fading component also exists and is
caused by ionospheric inhomogeneities. The amplitude scintillation itself may be either
real or apparent. Real scintillation effects result from target cross-sectional variations
and ionospheric diffraction. Apparent scintillation may be a result of numerous causes,
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including tracking irregularities, receiver gain
changes, and transmitter pulse power variations.
The magnitude of the apparent scintillations was
found to be negligible in those regions for which
tracking problems did not arise.

Ionospheric diffraction gives rise to signal
scintillation, but the well-established diurnal
dependence of the ionospheric scintillation effects
was not observed. The rate and magnitude of the
observed scintillations appeared to be independent
of the time of day, which suggests that the origin of
HORIZONTAL the disturbance was not ionospheric diffraction.
Consequently, for those regions in which system-
atic changes, scintillation, and atic fluctuz}tions may be considered n'egligible, the
Faraday rotation on the signal low- and hlgh-freguency Fgra}day fading effects and
strength of horizontal and ver- target cross-sectional variations generate all
tical polarizations signal perturbations. Due to the low magnitude of

the high-frequency Faraday fading (Faraday noise),

this fading interferes with the cross-sectional

scintillation, and, as a consequence, the measured
effects are not easily traced to the proper causes. It was concluded that the smoothed
records of Faraday fading, being representative of a quasi-smooth ionosphere, could
still be salvaged for determinations of the average values of the subsatellite electron
content and the equivalent slab thickness of the ionosphere.

VERTICAL

Fig. 2 - The effect of system-

Those chart recordings of the radar returns which exhibited at least one discernible
fade (/2 radians) were considered suitable for analysis. The pertinent magnetic field
data was extrapolated from the surface projection of the weighted ionospheric mean
(or ionospheric point), which was assumed to be located at a nominal altitude of 400 km,
The determination of the geomagnetic field parameter ¥ has been discussed in NRL
Report 6234 (24). Figure 3 is a plot of ¥ for an altitude of 400 km referenced to the
Randle Cliff site as a function of the azimuth angle A, with the elevation angle ¢ as a
parameter. Since Echo II is a polar-orbiting satellite, the function y is always at least
a monotonic function of time and, in most cases, it is either strictly increasing or
strictly decreasing. With the function y (A, ¢) adequately defined, Faraday fade angles
derived from the recordings were translated into single smoothed values of the subsatel-
lite electron content ¢ for each transit by means of the following simple formula which
results from the monotonicity of ¥ :

Ay
C = N dh = 3.22 x 1017 -__A—Q_ , (mks units} (1)
0 ¢2 - ‘/’1 v

where AQ represents the total fade angle in radians during the period of observation,
N is the electron density at an altitude 4, and ¥, and ¥, are the initial and terminal
values of the magnetic field parameter. Four standard and reasonably justifiable
assumptions are embodied in Eq. (1):

a. a quasi-longitudinal propagation mode exists
b. negligible path bending occurs

c. negligible path splitting occurs

d. the high-frequency approximation is valid.

At 138.6 Mc/s the listed assumptions are generally accurate and their invocation does not
generate measurable errors in the computation; however, a fifth assumption is also
incorporated into the derivation of Eq.(1), namely, that of spherical stratification. This
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assumption is necessary in order to avoid the n» rotational ambiguity, but its validity

tionable in some instances.
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The elevation angle ¢ is given as a

of 400 km for the Randle Cliff radar site.

parameter.
RESULTS -AND DISCUSSION

to each processed Echo II

daytime transit. The complete study included an examination of the possible correlation
of electron content and slab thickness variations with ionospheric and solar data and

ing
geophysical phenomena. In the simplified analysis, the parameter which was used as

pilation of the data correspond

Table 2 is a com

Two indicators of the intensity of ionizing solar radiation were considered, the Ottawa
The change in the magnetic field parameter when plotted against the total Faraday
fade angle should exhibit a general linearity with an average slope proportional to the

2800 Mc/s solar flux § and the Zurich sunspot number 2,. The planetary magnetic
index K, represents the relative worldwide magnetic activity, and the sum of eight

3-hourly values
average content and with a y intercept tending toward zero. From Fig. 4 it is seen that

the gross ionospheric behavioral indicator was the F2-region critical frequency foF2.

for the date of transit was used for correlation purposes.
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this is indeed the case, although some variance from linearity due to electron content
variations is obviously present. Since @~y¢¢, we have

Q,-0,~C, ['Zz - ¥, (01/02)]. (2)

The prevailing linearity must have resulted from two factors:

a. (9,-0,) ~ (¢,-9,), and

b. the observed values of content were independent of the number ¢,- ¢,
and the observed variance in content was a constant function of 4, -y, which add cre-
dence to the argument that spherical stratification is roughly ]approx1mated in the
ionosphere. The overall mean content was observed to be 1.3 x 10" electrons-»-2 and
the ratio of maximum to minimum observed values was 3.4:1.
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Fig, 4 - Magnetic field parameter variations Aj as
a function of the observed rotational changes (fade
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A plot of the subsatellite electron content ¢ vs the peak r2-region density ¥F2 is
given in Fig. 5. The plot suggests that electron content is an increasing function of the
peak density NF2. The observed deviations from a mean slab thickness of 387 km imply
that the daytime ionosphere does not have a consistent shape. The variance which the
daytime ionosphere exhibits both in total content and in equivalent slab thickness may be
seen upon inspection of Figs. 6 and 7. Aside from the scatter of the data points, it is
apparent that the electron content is generally highest near midday and decreases with
increasing solar zenith angle., The daytime slab thickness has no significant structural
feature, although afternoon values tend to be somewhat larger than prenoon values.
Figures 8 and 9 illustrate the dependence of slab thickness upon 2800-Mc/s flux §
and Zurich sunspot number g,, respectively. Unfortunately, during the days in which
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observations were made, no significant excursions in solar flux or sunspot activity
occurred; however, over the small activity excursion range available, a slight inverse
correlation of slab thickness with increasing values of s and R, is noticed. This effect
might be more apparent than real because the statistical variations in slab thickness
would be expected to dominate real variations if minor changes in § and &, are involved.
The fact that Garriott et al. (22) have discerned a positive correlation of solar activity
with slab thickness for 40 < g, < 180 amplifies the argument that any observed corre-
lation for low sunspot number is an unavoidable manifestation of the statistics. It must
be concluded that for low mean sunspot number, the slab thickness dependence upon
solar activity excursion is not clear.
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Fig. 5 - Electron content ¢ as afunction of maximum
F2-region electron density NF2 as determined by
Ft. Belvoir vertical incidence ionosonde

For a Chapman distribution of the ionosphere, the equivalent siab thickness 7 is
directly proportional to the neutral-particle scale height w_ - z7/My, where & is
Boltzmann’s constant, 7 is the mean absolute termperature, ¥ is the mean molecular
weight, and ¢ is the mean value of the gravitational acceleration. Assuming a mean
molecular weight of 16 and a mean gravitational altitude of 400 km, we find that

Hy = 0.0594 T, (3)

where #, is in kilometers and 7 is in degrees Kelvin. By numerical integration of the
'Chapman function, it may be found that (24)

T=a+b(H,- ), (4)
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where q is the effective slab thickness at H,= 70 km and 5 is the slope. The parameters

a and » are both functions of satellite altitude with respect to the 2 maximum and are
presented in Fig. 10. For superionospheric satellites it may be shown that t— 0asH ,—),
and Eq. 4 may be rewritten more simply as

T=4.13 Hy (= 0.245 T), (5)

The execution of the necessary translations may be expedited through use of the curves
in Fig. 11,
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Fig. 10 - Curves from which the slab thickness 7 is
obtained as a function of the target altitude. The quan-
tity 8 A, is equal to b - A4 F2,

Some rather interesting facts emerge if the data points are partitioned such that
separate seasonal averages may be obtained. For instance, it is seen that the mean
values of slab thickness 7, scale height H,, and neutral gas temperature T decrease
from summer to winter. Figure 12 is a plot of 7, H,, and T as a function of season. It
must be pointed out that 7 represents the neutral gas temperature for equilibrium
conditions, and in the event that equilibrium does not exist, T represents the mean
electron-ion temperature. The likely regions for nonvalidity of the equilibrium assump-
tion are at sunrise and sunset. In view of the fact that the data being presented in this
report is extracted from daytime observations, the deviation from equilibrium is
relatively small with respect to the expected accuracy of the computations. On the
average, the ionosphere is about 500° “warmer” and 126 km “thicker” in summer than in
winter. The scale height increases from a wintertime low of 77 km to a summertime
peak of 107 km and the all-season average of the observations was 94 km. It is interest-
ing to note that Seddon’s model of the quiet midlatitude ionosphere is one in which the
daytime scale height is of the order of 100 km (25). Upon examination of Table 2, which is
a numerical listing of the computations, one observes that the autumnal equinox is both
“warmer” and “thicker” than the vernal equinox, indicating that the ionosphere is slow
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Fig. 11 - Relationships between equivalent slab thickness
T, neutral-particle scale length X, , and neutral gas tem-
perature T, The dashed lines indicate how the graph is
to be used,

to lose energy between summer and autumn and relatively quick to gain energy between
spring and summer. Of course, this deduction is based upon data which possess large
probable errors resulting from the small number of observations. Upon consideration
of the probable errors involved, objectively suggests that one must look at answers
qualitatively, even though the numbers are very interesting.

It is also interesting to compare some of these results (obtained from a Faraday
rotation analysis) with those of O. K. Garriott et al. (22) (obtained from an analysis of
satellite doppler data) since some of their results refer to 1962 when solar activity was
approaching a minimum value (2,=40). In Table 3 the summer, winter and equinox
midday result obtained in 1962 by Garriott are shown together with summer, winter, and
equinox daytime results obtained in 1964 and 1965 by means of the Randle Cliff Radar,
We see at once that values of mean slab thickness and mean temperature (Garriott notes
that 7= (7,7+ 7,)/2 in the absence of thermal equilibrium) are greater during 1964-65
than during the 1962 period, but values of mean total electron content are slightly less
during 1964-65 than those in 1962. The fact that total content is less in 1964-65 than in
1962 is hardly newsworthy since it would naturally be expected as a consequence of
diminishing solar flux. The fact that slab thickness and temperature are greater during
1964-65 than in 1962 is rather interesting. If one assumes that the 1962 results are
accurate, it follows that the ionosphere becomes warmer with decreasing solar activity,
which contradicts the notion that the ionospheric temperature should decrease under that
condition. The fact that midday results were considered in the 1962 analysis and entire
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Table 3
Comparison of 1962 Results Obtained by Garriott
with 1964-65 Results Obtained by NRL

Mean Slab Thickness® | Mean Electron Content ¢ | Mean Temperature 7 | -
-2 5 ; NRL
(km) (m=2) (°X)
S Probable
eason , . Error
Garriott Garriott - Garriott
1962 NRL 1962 NRL 1962 | NRL (%)
Summer 327 442 15x10'¢ | 14.2x10'° 1337 1801 24
Autumnal .
Equinox 422 13.8 x10'¢ 1717 32
Avg. Equinox 299 402 20 x10'¢ 13.7x 10" 1220 1633 23
Vernal :
Equinox 335 11.0 x10*¢ 1364 15
Winter 276 316 16 x 10'¢ 13.2 < 10'¢ 1125 1296 17
Yearly Avg. 387 13.0 x10'¢ 1582 19
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daytime results were considered in the 1964-65 analysis would tend to make the contra-
diction even more pronounced. (Unfortunately, if the NRL data were partitioned such that
only midday values be considered, the results would not be statistically significant.) A
primary cause of error could be a consequence of the inherent overestimation in the
Faraday analysis due to the neglect of horizontal gradients. (The fact that horizontal
gradients existed may be concluded here if the NRL results are truly overestimates.)

It has been calculated that overestimation may be as much as 25 percent at around
1500 EST. This is a consequence of the maximum north-to-south gradient of the & func-
tion and the maximum north-to-south gradient in electron content which exists during
midafternoon. (Recall that all gradients in electron content are neglected in order to
avoid the n~ rotational ambiguity.) In general the fractional error is given by

e 1 <LE%“>$ s (6)
Cit C;; \du/at i
where 8¢ is the error in the content, ¢,, is the electron content at the initial or final
point of the record, and ¥;,; is the magnetm field parameter at the final or initial point.
The numbers dc/dt and dJdy/dt are the average slopes of ¢ and ¢ over the transit, or
portion of the transit, considered. Even though the absolute values of the slab thlckness,
total content, and neutral gas temperature may be overestimations of the true values, it
is statistically evident that seasonal comparisons would not be affected appreciably. This
may be verified through comparison with the results of Garriott et al. For instance they
found in 1962 that the ionosphere was warmer in summer than in winter; this was also
concluded from the NRL analysis. In general they found that the wintertime content was
greater than the summertime content for large Rr,, but these values tend to converge as
R, decreases. At R, = 40 the seasonal averages intersect, and by extrapolation of the
data one might expect the summertime content to be greater than the wintertime content
for very low R,. We see that this is the observed tendency of the NRL results — which
amounts to a Faraday analysis verification of Garriott’s doppler results for sunspot
minimum.

CONCLUDING REMARKS

Faraday rotation studies at a single vhf frequency suffer due to the presence of hori-
zontal gradients in the ionospheric electron content since Bowhill’s fade rate analysis
must be used. The utility of the fade rate procedure has been demonstrated, but in some
instances large fractional errors might be expected to occur, especially during the mid-
afternoon. Several methods have been suggested to remove the n» rotational ambiguity
and are worthy of consideration. The method which probably holds the greatest promise
relies on the concept of utilizing two widely spaced frequencies. The upper frequency,
being generally unambiguous, is used to obtain a coarse measure of the content in order
to remove the rotational ambiguity of the lower frequency, which is used as a fine-scale
measure. The concept is certainly not novel (it was probably first suggested by F. B.
Daniels (26) but it has not been used extensively in radar application for the purpose of
ionospheric investigation. The best combination of vhf and uhf frequencies should be
governed by several factors. The vhf should be low enough to obtain fine resolution and
yet be compatible with the high-frequency approximation, and the uhf should be high
enough to render the rotation angle unambiguous. One is also restricted by a finite reading
error at uhf. Suppose, for example, that the polarization of an incoming signal can only
be established to within ¢ at uhf. In order that the process of ambiguity removal at vhf

not be confused, it follows that
Tuhy 90 \ /2
—_ < — ,
Tonf ¢
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where ¢ is the reading error in degrees and f is the radar frequency. If one requires pre-
cision such that vhf = 60 Mc/s, then for a nominal reading error of 5 degrees, the uhf
must be on the order of 240 Mc/s. However, a value of 240 Mc/s is not high enough to
render polarization unambiguous in most cases. Consequently, one must sacrifice at the
vhf end and accept less precision in the fine-scale measure of content. It turns out that

a vhf:ubf ratio of 1:4 is about optimum, with the uhf in the 400 to 500 Mc/s band. Although
these were not necessarily the prime considerations, a vhf-uhf radar capability is being
incorporated into the Randle Cliff 150-ft dish installation. The vhf is 138.6 Mc/s and the
uhf will be 435 Mc/s.
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